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SUMMARY

This final report covers the work carried out under Contract F44620-75-C-0037

between the Air Force Office of Scientific Research and Princeton University during

the period January 1, 1975 to December 31, 1979.

In accordance with the Contract, research was authorized in the following two

areas:

I. The study of the plasma state of matter, with particular emphasis on its

nonlinear collective effects.

2. The application of knowledge gained of the plasma state to the interpretation

of various dynamic phenomena in which collective effects play a role, such as

anomalous transport phenomena, nonlinear wave absorption, and plasma-wave

turbulence, both in the laboratory and in space.

In this report the principle results obtained are surveyed in Part 1, papers

published are listed in Part 11, graduate theses supported are listed in Part 111, and

research personnel engaged are listed in Part IV.
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I. ACTIVITIES AND ACCOMPLISHMENTS

One of the main efforts made under this contract was that of the development of

a technique in nonlinear plasma theory strong enough to determine the saturation level

of many important plasma instabilities-renormalization t . Its development has

arisen out of the consideration of two important plasma transport problems; plasma

transport associated with convection cells and also anomalous plasma transport

associated with the breakup of magnetic surfaces by drift waves. Interest in both of

these problems arose from attempts to understand the experimentally observed large

electron thermal transport in tokamak plasmas. In papers 5, 13 and 14 the re-

normalization theory was sufficiently developed to understand how the level of

convection cells was determined in uniform magnetic fields. However, it was shown in

paper 36 that convection cells cannot play a large role in nonuniform magnetic fields.

Renormalization theory was further developed in papers 22, 34, 38, 40 and 41 in an

attempt to investigate the magnetic field breakup by drift waves and the stochastic

behavior of particles in the associated microfield structure. Enough progress was made

to determine the magnitude of the associated transport, and this may be consistent with

that observed experimentally. The basic advances in renormalization theory are

summarized in paper 47.

Closely associated with this latter work, a large amount of effort has gone into

investigating the stability of drift waves in sheared magnetic fields-published in

papers 27, 28, 35, 46 and 54. It is found that the drift wave in slab geometries is always

linearly stable, although it may be nonlinearly unstable, and unstable in toroidal

geometries.

At present it seems more likely that anomalous transport is caused by magnetic

field breakup than by convection cells.

........................- ,--. ,----'.-
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A number of papers (17, 18, 32, 42, 50, 51 and 53) have been devoted to the

problem of the rate of magnetic reconnection near x points, and in tearing modes. It

appears that the tearing mode rate is the fastest rate at which magnetic fields may

reconnect. This rules out magnetic reconnection as a source of energy for solar flares

and seems to limit the speed at which plasma can get across the fields in various plasma

guns. Further, these results indicate that the small scale magnetic field breakup

discussed above is produced by drift waves rather than tearing modes.

Some papers have been devoted to the physics of energetic particles. In papers,

10, 33, 37, and 43 the known result that the relative bulk velocities between a

population or beam of energetic particles and a plasma be less than the Alfv~n speed is

substantiated. In papers 11, 15, and 24 the production rate of energetic electrons by

the runaway phenomenon is determined and shown to be consistent with experiment.

The various processes of stochastic production of energetic particles are investigated in

papers 7, 8, 19, 20, and 39 and some new light is thrown on the phenomena of Fermi

acceleration and the particle behavior in a free electron laser.

The ionosphere provides a convenient laboratory for testing many plasma

pheomena such as strong wave plasma effects and plasma turbulence theories. These

pheonomena have been studied in papers 1, 2, 23, 29, 30 and 52. In paper 29 interesting

limits are placed on the amount of power that can safely be beamed to earth by the

proposed Satellite Power Station. In paper 52 the important Novozhelov-Savel'yev

experiment is explained.

Other interesting investigations have been carried out, but the above described

research represents the bulk of that carried out under the auspices of this contract.

II IA" .



4

II PUBLICATIONS

1. F. W. Perkins, "Ionospheric Irregularities," Review of Geophysics 13 884, 1975.

2. F. W. Perkins, "Review Talk on Short Scale Irregularities in the Ionosphere," ERSA

General Assembly, Lima, Peru, August 1975.

3. K. T. Tsang, Y. Matsuda and H. Okuda, "Numerical Simulation of Neoclassical

Diffusion," Physics of Fluids j8, 1282-1286, 1975.

4. Y. Matsuda and H. Okuda, "Collisions in Multi-Dimensional Plasma Simulations,"

Physics of Fluids 18, 1740-1747, 1975.

5. 3. Krommes and C. Oberman, "Plasma Transport and Hydrodynamic Fluctuations,"

Proceedings of the Conference on Plasma Waves and Instabilities, Innsbruck,

Austria, March 1975.

6. M. Ono and R. M. Kulsrud, "The Frequency and Damping of Ion-Acoustic Wave!,"

Physics of Fluids 18, 1287-1293, 1976.

7. 3. Arons, R. M. Kulsrud and 3. Ostriker, "A Multiple Pulsar Model for Quasistellar

Objects and Active Galactic Nuclei," Astrophysical 3ournal 198, 687-707, 1975.

8. R. M. Kulsrud and 3. Arons, "Statistical Acceleration of Relativistic Particles in

an Assembly of Spherical Electromagnetic Waves," Astrophysical 3ournal 198,

709-715, 1975.

9. E. G. Zweibel and R. M. Kulsrud, "The Stabilizing Effect of Cloud Reacceleration,

Microturbulence and Rotation on Parker's Instability," Astrophysical 3ournal, 201,

63-73, 1975.

10. R. M. Kulsrud and E. G. Zweibel, "The Trapping of Cosmic Rays around

Supernovae." Proceedings of the XIVth International Conference on Cosmic Rays,

(Max Planck Institute for Extra Terrestrial Physics) Munich 1975 Vol. I1, pp.

465-468.

.r. . . - . .



5

1 I R. M. Kulsrud and Y. C. Sun, "The Effect of Particle Loss on Runaway Production

Rates," Bulletin of the American Physical Society, 20, 1359, 1975.

12. S. 3ohnston, "Oscillation Center Formulation of the Classical Theory of Induced

Scattering in Plasma," Physics of Fluids 19, 93-107, 1976.

13. 3. Krommes and C. Oberman, "Anomalous Transport Due to Long-Lived Fluctu-

ations in Plasmas: I. A General Formalism of Two-Time Fluctuations," 3ournal

of Plasma Physics 16, 193-227, 1976.

14. 3. Krommes and C. Oberman, "Anomalous Transport Due to Long-Lived Fluctu-

ations in Plasmas: II. Hydrodynamic Contribution to Transport in Two-

Dimensional Strongly Magnetized Systems," Journal of Plasma Physics 16,

229-260, 1976.

15. R. H. Cohen, "Runaway Electrons in an Impure Plasma," Physics of Fluids 19,

239-244, 1976.

16. L. Chen, P. K. Kaw and W. M. Tang, "Stability of Trapped Particle Modes in

Lower Hybrid Pump," Nuclear Fusion 16, 661-665, 1976.

17. P. K. Kaw, "Some Nonlinear Effects in Tearing Mode Instabilities," Proceedings of

Nobel Symposium on Nonlinear Effects in Plasmas, Sweden, 3une 1976 (Plenum

Press, 1977) pp. 348-362.

18. 3. M. Finn and P. K. Kaw, "Coalescence Instability of Magnetic Islands," Physics

of Fluids 20, 72-78, 1977.

19. S. Johnston and R. M. Kulsrud, "On the Nonlinear Classical Theory of Induced

Compton Scattering of Relativistic Charges," Physics of Fluids 20, 829-839, 1977.

20. S. Johnston and R. M. Kulsrud, "Investigation of Wave Conversion in Induced

Thompson Scattering," Physics of Fluids 20, 1674-1679, 1977.

21. 3. Sperling, "Saturation of the Cyclotron Decay Instability," Physics of Fluids 20,

2104-2112, 1977.

'.-.



6

22. C. R. Oberman, "Modern Developments in Kinetic Theory," College in

Theoretical and Computational Plasma Physics, March-April 1977, Trieste, Italy.

23. F. W. Perkins, "Understanding Plasma Instabilities in Space: Ionospheric Research

and Communications Applications," Solar System Plasma Physics, edited by

C. F. Kennel, L.3. Lanzerotti, E. N. Parker (North Holland), 1977, Vol. II,

pp. 299-316.

24. R. M. Kulsrud, "Runaway Electrons in Tokamaks," N. C. Christophilos Inter-

national Summer School, 3uly 1977, Spetses, Greece.

25. C. S. Liu and R. M. Kulsrud, "Solitons in Relativistic Plasmas," Bulletin of the

American Physical Society 22, 1173, 1977.

26. 3. Sperling, "Electron Landau Damping and Electron Collisions," Physics of Fluids

21, 514-516, 1978.

27. P. N. Guzdar, L. Chen, P. K. Kaw and C. Oberman, "Effect of Magnetic Shear on

the Drift Dissipative Instability," Physical Review Letters, 40, 1566-1570, 1978.

28. L. Chen, P. N. Guzdar, R. B. White, P. K. Kaw and C. Oberman, "Theory of the

Universal Drift Instability," Physical Review Letters 41, 649-653, 1978.

29. F. W. Perkins and R. G. Roble, "Ionospheric Heating by Radio Waves: Predictions

for Arecibo and the Satellite Power Station," 3ournal of Geophysical Research 83,

1611-1624, 1978.

30. D. Gurnett, M. Hudson, 3. Maggs, K. Papadopoulis, F. Perkins, and D. Swift,

"Auroral Arc Panel Report," (National Academy of Sciences Report for the

International Magnetospheric Study Theoretical Conference.) 1978.

31. A. B. Hassam and R. M. Kulsrud, "Time Evolution of Mass Flows in a Collisional

Tokamak," Physics of Fluids 21, 2271-2279, 1978.

32. R. M. Kulsrud, "Theory of Magnetic Field Line Reconnection," invited paper at

the Colorado Springs APS Meeting, Bulletin of the American Physical Society 23,

761, 1978.



7

33. R. M. Kulsrud, " Propagation of Cosmic Rays Through a Plasma," Astronomical

Papers dedicated to Bengt Str6?ngren, edited by A. Reiz and T. Anderson

(Copenhagen University Observatory) 1978, pp. 317-325.

34. 3. Krommes, "Plasma Transport in Stochastic Magnetic Fields: Principles and

Problems of Test Particle Transport," Proceedings of the International Symposium

on Nonlinear Non-equilibrium Statistical Mechanics, Kyoto, 3apan, 1978. Progress

in Theoretical Physics, Supplement 64, 137-149, 1978.

35. L. Chen, P. N. Guzdar, 3. Y. Hsu, P. K. Kaw, C. Oberman and R. B. White,

"Theory of Dissipative Drift Instabilities in Sheared Magnetic Fields," Nuclear

Fusion 19, 373-387, 1979.

36. A. B. Hassarn and R. M. Kulsrud, "Convective Cells and Transport in Toroidal

Plasmas," Physics of Fluids 22, 2097-2107, 1979.

37. E. A. Foote and R. M. Kulsrud, "Hydromagnetic Waves in High 03 Plasmas," Astro-

physical 3ournal 233, 302-316, 1979.

38. 3. A. Krommes and R. G. Kleva, "Aspects of a Renormalized Weak Plasma Tur-

bulence Theory," Physics of Fluids 22, 2168-2177, 1979.

39. R. M. Kulsrud, "Stochastic Acceleration by Hydromagnetic Turbulence," AlP

Conference Proceedings No. 56, Particle Acceleration Mechanisms In Astro-

physics, edited by 3. Arons, C.'Max and C. McKee, 1979, pp. 13-25.

40. 3. A. Krommes, "Self Consistent Kinetic Theory of Stochasticity," Intrinsic

Stochasticity in Plasmas, edited by G. Laval and D. Gresillion (Les Edition de

Physique) 1979, pp. 193-203.

41. H. E. Mynick and 3. A. Krommes, "Particle Diffusion by Magnetic Perturbations

of Axisymmetric Geometries," Physical Review Letters 43, 1506-1509, 1979.

42. P. K. Kaw, E. 3. Valeo and P. H. Rutherford, "Tearing Modes in a Plasma with

Magnetic Braiding," Physical Review Letters 43, 1398-1401, 1979.

- 616.



8

43. R. M. Kulsrud, "The Plasma Physics of Trapping of Cosmic Rays around

Supernovae," Proceedings of the Sixteenth International Conference on Cosmic

Rays, Kyoto, 3apan, 1979.

44. 3. A. Krommes, "Renormalization in Plasma Physics." Article for Handbook of

Plasma Physics (North Holland) to appear.

45. C. R. Oberman, "Theory of Fluctuations," Article for Handbook of Plasma Physics

(North Holland) to appear.

46. P. K. Kaw and P. N. Guzdar, "The Universal Mode Revisited," Comments in

Plasma Physics (in press).

47. 3. K. Krommes, "Renormalized Compton Scattering and Nonlinear Damping of

Collisionless Drift Waves," Physics of Fluids (in press).

48. 3. A. Krommes, R. G. Kleva and C. R. Oberman, "Plasma Transport in Stochastic

Magnetic Fields, I: General Considerations and Test Particle Transport," 3ournal

of Plasma Physics (in press).

49. H. E. Mynick and 3. A. Krommes, "Particle Stochasticity due to Magnetic Per-

turbations of Axisymmetric Geometries," Physics of Fluids (in press).

50. E. 3. Valeo, P. K. Kaw and R. B. White, "Stability of Island Equilibria to Kink

Modes," Physics of Fluids (in press).

51. E. A. Adler, R. M. Kulsrud and R. B. White, "The Magnetic Driving Energy of the

Tearing Mode," Physics of Fluids (in press).

52. M.V. Goldman and F. W. Perkins, "Self-Focusing of Radio Waves in an Underdense

Ionosphere," Journal of Geophysical Research, to be submitted.

53. E. A. Adler and R. M. Kulsrud, "A Model for Magnetic Reconnection," Physics of

Fluids (submitted).

54. P. K. Kaw and P. N. Guzdar, "Quadratic Form for Resistive Drift Modes in a Slab

with Magnetic Shear," Physics of Fluids (submitted).

55. 3. A. Krommes and P. Similion, "Dielectric Response in a Guiding Center Plasma,"

Physics of Fluids (submitted).



9

56. 3. A. Krommes, "Incoherent Noise and Self Consistency in Stochastically Unstable

Plasmas," Physical Review Letters (submitted).

57. 3. A. Krommes, "Fallacies in Some Theories of the Renormalized Dielectric,"

Physics of Fluids (submitted).

58. E. A. Foote and R. M. Kulsrud, "Stability of the Colliding Ion Torus against

Electromagnetic Modes," Bulletin of the American Physical Society 24, 1047,

1979.

59. R. M. Kulsrud, "Linearized Landau Damping," Bulletin of the American Physical

Society 24, 951, 1979.

I.

~ * i m L _____________-__.



10

III. Ph.D THESES SUPPORTED

John A. Krommes, "On Renormalized Kinetic Theories of Anomalous Transport due to

Hydrodynamic Fluctuations in Strongly Magnetized Plasmas,' July 1975.

Jacob Sperling, "Parametric Instabilities and Electrostatic Ion-Cyclotron Waves in

Multispecies Plasma," September 1975.

Jang-Yu Hsu, "A Study of Drift, Alfien and Tearing Modes in a Nonuniform Plasma

with Sheared Magnetic Fields," June 1977.

Edward Allen Adler, "Magnetic Reconnection," June 1978.

Adilnawaz B. S. Hassam, "Characteristics and Lifetime of Convective Plasma Motions

in Tokamaks," August 1978.

Robert G. Kleva, "Aspects of the Statistical Theory of Stochastic Magnetic Fields:

Test Particle Transport and Turbulent Collisionless Tearing Mode," January 1979.



UNCLASSI FIED

SECURI'kY CL AS-FIrATION OF THIF j'E (Wh*, flata Enlter,I)

READ INSTPtICTIONISRPR DOCUMENTATION PAGE BEFORE COMPLETING FORM
I. REPORT NUNIDEf ."OTC NO.'--.CATALOGNUMBR

AFOSR-TR. 8 0 - 0 2,3
4. TITLE (and Subtitle) S. TiFE F REPORT & PERIOD COVERED
NONLINEAR PROCESSES IN PLASMAS Final

I Jan 75 - 31 Dec 79
6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(.) 8. CONI RACT O GRANT NUMBER(&)

Russell M Kulsrud
F44620-75-C-0037

9. PERFORMING ORGANIZATION NAME AND ADDRESS "0. PPOGRAM FLEMENT PROJECT. TASK
APEDi A WORK UNIT NUMBERS

Plasma Physics Laboratory

Princeton University
Princeton, NJ 08544 61102F 2301/A7

1. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

AFOSR/NP 25 Feb 1980

Boiling AFB, Bldg. #410 13. NUMSEROFPAGES
Wash DC 20332 13
14. MONITORING AGENCY NAME & ADDRESS(If different from Controlling Office) tS. SECURITY CLASS. (of thim report)

unclassified

ISa. DECL ASSI FICATION/DOWNGRADING
SCHEDULE

16. DISTRI13UTION STATEMENT (of this Report)

ApprOVed for pubi lc 'ulese;
dlatrlbutieu uJ.irmted.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, it diflerent from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side if necessary and identify by block number)

20. ABSTRACT (Continue on reverse side If necessary and Identify b block number)

During the five years duration of this conlract, 13 scientists produced fifty
nine publications. One topic explored was She development of a technique in
nonlinear plasma theory powerful enough to determine the saturation level of
many important plasma instabilities , This work applies understanding to electron
thermal transport in tokamak plasmas, convection cells in uniform magnetic fields
magnetic field breakup by drift waves, and the stochastic behavior of particles
in the associated microfield structure. In studying magnetic reconnection near

DnFORM :L

DD I JAN 73 1473 EDITION OF I NOV 65 IS OBSOLETE " CASFEUNCLASSIFIED



A. A~Fg(A TI:s r FACSI.n~on d

\x points, it appears that the tearing mode rate is the fastest rate at which
magnetic fields may reconnect. Other studies included the physics of
energetic particles, and established a limit on the amount of power that can bC
safely beamed to earth by satellite.

r

-J NCLASS lIE 0_________

" ------------------------------------------ ,,rS.. - - -- --*Y



IV PERSONNEL SUPPORTED

Name '75 '76 '77 '78 '79

P. K. Kaw X X X X

J. A. Krommes X X X

R. M.Kulsrud X X X X X

C. R. Oberman X X X X x

F. W.Perkins X X X X X

E. J.Valeo x x x

E. G. Zweibel X

E. A.Adler X X X X

Y. Y. Kuo X X

P. N. Cuzdar X X

H. E. Mynick X

E. A. Footex

H. Cohn X X

S --- ~~- - - - - --


